Abstract: Interfacial electron transfer from a molecular dye to a semiconductor is a keystone process in the conversion of light into electricity in dye-sensitized solar cells. The most successful devices developed so far are based on the sensitization of nanocrystalJjne titanium dioxide by ruthenium polypyridyl complexes. The ultrafast electron injection from the widely used Ru"(dcbpy)r(NCS), dye in padicular has been intensely studied. Several research groups, including ours, have found that this reaction apparently proceeds with a fast sub-100 fs phase, followed by a slower kinetic component with a time constant of 0.7-1 00 ps and accounting for 16-65%o of the total yield' No convincing explanation has been provided for a clear understanding of the origin of this non-exponential kinetic behavior. ln this contribution we show that aggregation of dye molecules at the interface is actually responslble for the slow kinetic component of the interfacial electron transfer. A thorough control of the dissolution of the dye and of its adsorption onto nanocrystalline oxide films allowed the reduction of the portion of dye excited states that react within the slow compartment and even made the latter completely disappear. ln the absence of dye aggregates, femtosecond pump-probe studies of the sensitizer's oxidized state appearance yielded a rate constant for charge injection >5x1013 s-l , corresponding to an electron transfer time of less than 20 fs.
lntroduction
Interfacial electron transfer at dye/semiconductor boundaries has been under active study for the last decades due to its importance in applications like photography, xerography, and more recently dye-sensitized solar cells (DSC) . In all these technologies, the first essential step is constituted by a lighrinduced interfacial electron transfer from a dye sensitizer, generally anchored onto small semiconducting micro-or nanoparticles. A thorough understanding of the dynamics of such a process is required for a smart design of new devices. In dye- 
Sustainable charge separation is obtained by using a redox relay (D) in solution (usually the iodide-triiodide couple), whose role is to quickly reduce the oxidized state of the dye sensitizer at the interface (Eqn. 2). The electrolyte also ensures the transport of positive charges by diffusion of oxidized relay species to a counter electrode. The photon-to-current conversion efficiency in this type of solar cell is controlled by the kinetic competition between several processes. The charge injection step has long been believed to compete only with the radiative and nonradiative deactivation of the excited dye. Since the lifetime of the excited states of efficient sensitizers in solution is typically of the order of hundreds of picoseconds to nanoseconds, it has been inferred that ultrafast interfacial electron transf'er should aiways be characterized by a unit quantum yield and that sub-ps charge injection is kinetically redundant. The latest developments in the design of DSC involve the use of redox-active ionic liquids as the electrolyte [2] . In such media, where the concentration of the electron donor could be as high as 6 M, reductive quenching of the dye excited states by the redox relay (Eqn. 3) was found to take place within a f'ew picoseconds [3] . Thus, the completion of the intedacial electron transfer process in the sub-100 f's time frame actually becomes a crucial requirement to ensure charge injection takes place with a high efficiency. S*ISC+D*S-ISC+D+
So far most efflcient DSC are based on the sensitization of titanium dioxide nanocrystalline films by ruthenium polypyridyl complexes []. The rate of the electron injection into TiO, for these compounds was found to occur in the fs/ps time domain t4l [5] . The conjunction of interest for solar cells development and fundamental understanding of ultrafast charge transfer has encouraged many groups to study the parameters influencing the dynamics of the interfacial electron transfer from the excited dye to the continuum of acceptor states constituting the semiconductor's conduction band. The most popular candidate for efftcient solar energy harvesting is a dye sensitizer known as N3 (Fig. l) [6]. Since 1996, several kinetic studies involving this dye anchored on metal oxides like TiOr, SnOr, and ZnOhave been achieved t4l\7-91. Most recent studies have reported a biphasic behavior for the rise of the dye cation (S+) appearing upon charge injection. Although these works all agree with a fast, sub-100 fs phase followed by a slower component in the ps time scale [7] [8], discrepancies appear concerning the relative importance of these two kinetic compartments and the time constant for the second phase. The reported amplitudes for the slower part range from 16%o to 65Vo and the time constants vary between 700 fs and 100 ps with a marked non-exponentiality. Attempts to justify this behavior were made by considering charge injection from various electronic and vibronic states ofthe dye [9] . However. no conclusive evidence was obtained to explain the large kinetic heterogeneity of interfacial electron transfer observed in the particular case of Ru(n)-complex dye sensitizers and the strong dependence of measured dynamics upon experimental conditions [7] [8].
In this contribution, ultrafast pump-probe laser spectroscopy was used to measure the kinetics of the formation of the dye oxidized state upon electron injection from the excited state into TiOr. Palticular attention was paid to the way the dye solution was prepared and the sensitizer adsorbed onto the oxide surface. The slow component observed for electron transfer is shown to be directly related to dye aggregates and the actual charge transfer from the adsorbed monomeric sensitizer characterized by a single-exponential kinetics with a time constant shorter than 20 fs.
Results and Discussion
Transparent, 8pm-thick nanocrystalline films of TiO, were prepared following a method identical to that used for dye-sensitized solar cells [10] . Films were soaked overnight in the dye solution. N3 was adsorbed from an ethanolic solution and a doubly deprotonated form of this dye TBA-N3 ((Bu*N),[Ru(dcbpyH)r(NCS)2]) from a solution in CH.CN/tert-BuOH (1:1) solvent mixture [ 1] . Anchoring of N3 and TBA-N3 sensitizer molecules is known to take place through the two carboxylic groups that are in /rans position to the -NCS ligands. For N3, this anchoring is associated with the deprotonation of the involved carboxylic groups. Therefore, species adsorbed on the TiO, surface are expected to be identical for both forms of the dye. Films derivatized with N3 and TBA-N3 indeed displayed similar spectra with a broad maximum at 532 nm, corresponding to a metal-to-ligand charge transfer transition (MLCT) of the complexes [12] . A redox inactive ionic liquid ( 1 -ethyl-2-methylimidazolium bis(trifluoromethyl(sulfonyl) imide) was used as a reaction medium in all samples [13] . Ultrafast pump-probe spectroscopy allowed the direct observation of the dye cation formation resulting from the electron transfer to the semiconductor's conduction band. The setup employed was described previously [14] , It consisted of a Ti: sapphire amplified femtosecond laser system delivering 120 fs pulses at 778 nm. Two non-collinearly pumped optical parametric amplifiers (NOPA) were fed by the NIR output of the laser and were used to produce two independent wavelength-tunable beams. After compression in prism pairs, resulting pulses were characterized by a relatively narrow spectral width and a typical duration of 30 fs. In the pump-probe scheme used in this experiment the excitation beam was set at a wavelength of 535 nm. This beam was focused on the sample that was continuously rotated to avoid degradation of the dye. The probe beam was tuned at a wavelength of 860 nm, where the contribution of the oxidized dye absorption is maximized with respect to that of the excited state. Pulses traveled along an optical delay line before passing through the transparent sample and being detected.
To allow for a direct comparison of results with data reported in a majority of earlier studies, a conlmercially available N3 dye (Solaronix, Switzerland) was chosen in the first place. The sensitizer was adsorbed on TiO, films from 3x tOa M ethanolic solutions and dyed samples were covered by a film of the ionic liquid. The time evolution of the formation of the oxidized dye CHIMIA 2005,59, No. 3 following ultrashort laser pulse excitation was measured. As depicted in Fig. 2 (trace a and insert), the absorption change due to the dye oxidized state was observed to rise with a first sub-100 fs phase followed by a slower kinetic component. Data were fitted with a sum of two analytical convolutions of a Gaussian instrument response (cross-correlation time of ca. 57 fs) with exponential growths with t, = 76 fs (84Vo) and t, = 45 ps (16Vo). In comparison with available data from the literature, the amplitude of the second kinetic compartment was found to be rather small [8] . However, the reproducibility of this amplitude was poor. Depending on the film preparation (adsorption time, dye solution concentration, ...), relative amplitudes varied considerably, while kinetics were found to remain practically identical. This study was extended to the use of home-synthesized N3 and TBA-N3. The observed amplitude of the slow part was considerably reduced by using our own preparation of N3 (data not shown) and disappeared totally when the deprotonated variant of the dye was used (Fig. 2,  trace b) .
The variability of the amplitude of the ps phase and, furthermore, the total disappearance of this component for TBA-N3 indicate that the origin of the biphasic kinetic behavior is not to be found in the photophysical properties of the dyes but rather in their colligative properties. Indeed, resonance Raman spectroscopy applied to dye solutions and derivatized oxide films showed that Hbonded aggregates of the Ru-complex dyes pre-exist in ethanolic medium and are also observed on the surface [3b]. Contrary to the cases ofdye molecules such as cynanines or xanthenes, aggregation does not cause any observable change in the absorption spectrum of N3 and TBA-N3. Aggregation of the dye on the surface provides an obvious rationale for the kinetic heterogeneity of interfacial electron transfer, Electron tunneiing theory predicts an exponential dependence for electron transfer with the distance separating the donor and the acceptor. Assuming a dumping factor p = 1.2 A-1, the distance increase required to explain the observed slowing down of . the injection could be estimated as 3-7 A. This figure is consistent with the geometric separation induced by dye aggregation. Diffusion of excitons within dye aggregates and intermolecular electron transfer mechanisms could also account for a spreading of interfacial reaction rates. The main difference between the N3 and the TBA.N3 form of the sensitizer lies in the solubility of these two compounds. TBA-N3 is more soluble in polar solvents and, because of electrostatic repulsion, dianions of the deprotonated dye are less prone to aggregate. The commercial N3 powder (Solaronix), constituted of large crystals, appeared to be harder to solubilize. Sonica- tion of this compound in ethanol, as often reported in the literature, tend to produce a colloidal suspension of the dye, thus favoring the deposition of pre-existing aggregates onto the oxide surface. The poor reproducibility of the amplitude of the slow kinetic component in our experiments and in the literature is compatible with various degree ofaggregation, depending on the adsorption time and history of the dye solution.
The complete disappearance of the slow phase in the case of TBA-N3 adsorbed from diluted solutions of the dye (< 0.4 mM) suggests that the sensitizer is adsorbed as a monomer on the surface. These conditions allow the determination of the electron injection rate freed of artifacts due to dye aggregation. Fig. 3 shows the time evolution of the transient absorption measured at 850 nm with a TBA-N3-dyed TiO, frlm covered by the ionic liquid. An analytical convolution of a Gaussian instrument response with an exponential growth with t = 20 fs showed that the charge injection process clearly takes place on a time shorter than this limit. The interfacial electron transfer rate constant is therefore estimated to be > 5x1013 s-1. An electron transfer rate constant of this magnitude implies the electronic coupling of the excited dye with the quasi-continuum of acceptor states constituting the conduction band of the solid is quite strong. In the normal Marcus approach to model the dynamics of electron transfer processes, the rate determining step is constituted by the relaxation of intramolecular and solvent nuclear degrees of freedom. For most species the time required for this vibrational reorganization is limited to a lower value of 100 fs. In our case, electron transfer is significantly faster than typical nuclear relaxation and is CHllMlA 2005, 59, No. 3 believed to be only controlled by the electron dephasing time of the semiconductor.
Gonclusion
In the present study we showed that the kinetic heterogeneity of electron injection from the widely used N3 dye to TiO, was not due to the excited state dynamics of the complex as previously suggested but rather to the aggregation of the sensitizer on the semiconductor surface. The total disappearance of the slow kinetic compartment in the case of an adsorbed monomeric form of the dye allowed an upper limit for the electron transfer time constant of 20 fs to be estimated, beyond the Marcus description of vibrationally-coupled electron transfer.
